We employ the Monte-Carlo Basin-Hopping (MC-BH) global optimisation technique with inter-atomic pair potentials to generate low-energy candidates of stoichiometric alumina octomers ((Al 2 O 3 ) 8 ). The candidate structures are subsequently refined with density functional theory calculations employing hybrid functionals (B3LYP and PBE0) and a large basis set (6-311+G(d)) including a vibrational analysis. We report the discovery of a set of energetically low-lying alumina octomer clusters, including a new global minimum candidate, with shapes that are elongated rather than spherical. We find a stability limit for these and smaller-sized clusters at a temperature of T 1300 − 1450 K corresponding to a phase transition in liquid alumina.
Introduction
Alumina clusters play a role in atmospheric chemistry [1] . Being artificially produced by rocket flights, Al 2 O 3 cluster aerosols impact the Earth's atmospheric chemistry as they act as catalysts. Moreover, owing to their high thermal stabilities and (near)-infrared properties, alumina clusters are promising candidates to form the seed nuclei of dust formation in oxygen-rich AGB stars [2, 3, 4, 5] . Although silicate dust constitutes the major part of oxygen-rich cosmic dust, its nucleation solely from gas-phase precursors is energetically hampered and explicitely ruled out for SiO [6, 7] and MgO [8, 9] . Instead, it is more likely that the silicate dust forms on top of pre-existing seed nuclei. These seed nuclei must form from available atoms and molecules, and have to sustain the extreme thermodynamic conditions close to the stellar surface. In oxygen-dominated regimes, the latter requirement are fulfilled by highly refractory metal oxides such as alumina (Al 2 O 3 ) and titania (TiO 2 ). Studies on stardust grains from pristine meteorites show larger sizes and greater amounts of alumina, compared with titania [10, 11] . Thus, we presume that it is most likely that alumina initiates stardust synthesis in oxygen-rich conditions.
Apart from a pure scientific interest alumina clusters are also of practical use. Owing to their large refractories, high hardness, high stabilities, high insulation capabilities, and optical transparency [12] alumina clusters serve as components for diverse purposes and applications. Over the past few decades, nano-sized alumina fibers have been synthesized by diverse techniques (hydrothermal or solvothermal, sol-gel techniques, electrospinning, extrusion, chemical vapor deposition) [13] and have attracted a lot of attention. The fibers are used in electronics, informatics, and communications [14] . Moreover, owing to its bio-compatibility, alumina nanofibers are also used for drug delivery. In the laboratory, clusters of nano-sized alumina can be produced in deionized water by laser ablation of aluminum targets [15] .
There are several bulk polymorphs for alumina. The most stable polymorph at standard conditions (p = 1 atm, T = 298 K) is the hexagonally, closed-packed α-alumina which is the main component of corundum [16] . Other alumina polymorphs are β, γ, δ, η and χ-alumina that represent the most stable alumina bulk forms at elevated temperatures. All these crystalline bulk forms have trivalent Al 3+ cations and divalent O 2− in common. In this work, we compare the properties of our individual clusters with respect to each other, and with α alumina. Previous studies have shown that alumina clusters substantially deviate from the bulk-like analogs [17, 18] . In the size regime with dimension d ≤ 1 nm (which corresponds to the size range from the monomer to the octomer, n=8), diverse geometries (flat, cage-like, compact) represent the most stable isomer structures [19, 20, 21] . The alumina octomer corresponds to the first cluster size at which we find differences with previously reported candidate global minima in the literature. We revisit also smaller cluster sizes (n<8) and we find the same structural isomers as found in the thorough study by [20] . As a result of strong (attractive and repulsive) Coulomb forces between O-anions and Al-cations, all favourable clusters have a strictly alternating cation-anion ordering in common. This letter is organized as follows. In Section 2, we describe the methods to find lowenergy alumina octomer structures and their subsequent refinement at the DFT (Density Functional Theory) level. The results of our calculations are presented in Section 3. Finally, we discuss and summarize our new findings in Section 4.
Methods

Global optimisation searches
An alumina octomer, i.e.(Al 2 O 3 ) 8 , has 40 atoms and a total of 3×40 = 120 degrees of freedom resulting in a huge configurational space. A complete exploration of this space would require enormous amount of computational power and is beyond the current computing ability. To reduce the number of possible structural configurations to explore (and hence also the computational effort) a global optimisation search for low-energy octomer isomers is performed. We employ the Monte-Carlo Basin-Hopping (MC-BH) global optimisation technique [22] with inter-atomic pair potentials of an Al-O system to find candidate structures. For our purposes, we use an in-house, modified version of the GMIN programme [23] . The general form of the inter-atomic Buckingham pair potential (including the Coulomb potential) reads: 
where r ij is the relative distance of two atoms, q i and q j the charges of atom i and j, respectively, and A, B and C the Buckingham pair parameters. Lennard-Jones term. Effectively, the latter term acts only on very short distances which is already taken into account by values of the parameters A and B. In the present approach we approximately account for the polarization effects by reducing the formal charges of the Al-cations and the O-anions by 10-20%.
We apply two different parameter sets that are listed in Table 1 . The first listed set (set 1) is commonly used for structure optimisation of Al-O systems (see e.g. [21] ). The second parameter set in the last line of Table 1 corresponds to Ag +3 -O −2 parameters published by [24] . With exception of the value of A(Ag-O), the other parameters are identical to the shell Al 3+ O 2− set of [25] . Set 2 complements set 1 in the sense that it covers a different parameter space accounting for structural families that could not (or hardly) be found with set 1. For example, set 1 tends to result in compact geometries, but structural families like void cages and open-cage-like clusters are underrepresented. Both parameter sets are explored with a variety of different seed structures (i.e. initial geometries).
In summary, we use two different parameter sets, dozens of seed structures and different temperatures (T = 300-3000 K) in order to cover an extensive number of structural possibilities. Although the use of force fields is an approximation, their use enables us to perform tractable thorough searches. With our force-field approach we hope to have minimized the probability to miss a stable alumina octomer.
Optimisation at the DFT level
Once multiple sets of candidate structures with different seed geometries, temperatures and parameter sets are found, we refine the ∼100 most favourable candidate structures with hybrid density functional theory (DFT) methods. We use two different density functionals, B3LYP [26] and PBE0 [27] , in combination with the 6-311+G(d) basis set and perform the calculations with the help of the computational chemistry software package Gaussian09 [28] . The DFT calculations are performed at 0 K and 0 atm. In the Born-Oppenheimer approximation used here the Potential Energy Surface (PES) does not depend on temperature. Hence, the optimised cluster geometry is also temperature-independent. However, the vibrational population and the computation of the thermodynamic quantities (enthalpy, entropy, Gibbs free energy) depend on temperature. The thermal corrections are evaluated at standard conditions for temperature and pressure (T = 298.15 K, p = 1 atm). We include a vibrational analysis to calculate appropriate partition functions for any other conditions and to exclude possible transition states.
Results
Minima structures
Our lowest energy candidate global minimum octomer (Al 2 O 3 ) 8 structure (hereafter 8A) calculated at the B3LYP/6-311+G(d) level of theory is displayed in Figure 1 . The structure has a rotational symmetry and belongs to the C 2 point symmetry group. Its potential energy is lower by 0.15 eV relative to the next higher-lying isomer. With the PBE0/6-311+G(d,p) functional/basis set 8A represents the second lowest-energy structure (relative energy difference of 0.17 eV with respect to 8B -see below) that we find. The HOMO-LUMO gap in the B3LYP (PBE0)-optimised new structure is 4.93 (5.45) eV. Our search also resulted in the discovery of another alumina octomer cluster (hereafter 8B) that is displayed in Figure 2 . 8B shows a C s -symmetric structure. However, during the optimisation at the DFT level, the symmetry of 8B is distorted and the assigned point symmetry group for 8B is C 1 . Structure 8B is the lowest-energy configuration 4 that we find with the PBE0 functional and the second-lowest (relative energy 0.15 eV) with the B3LYP functional. The HOMO-LUMO gap in the B3LYP (PBE0)-optimized structure 8B is 4.67 (3.60) eV which is less than for 8A.
Further energetically low-lying alumina octomer isomers that have been found in this study are shown in Figure 3 . All of the latter local minima structures are not symmetric and belong to the C 1 point group. Structure 8C has relative potential energy 0.35 eV (0.25 eV) above the minimum with the B3LYP (PBE0) functional.
8D, 8E and 8F are located 0.97 (1.14), 0.98 (0.71) and 1.43 (1.24) eV above the global minimum structure 8A (8B), respectively. In particular, we note that 8D and 8E are almost degenerate at the B3LYP level of theory, but have a significant difference (0.43 eV) as calculated with the PBE0 functional. All structures -except 8F, but including 8A and 8B -exhibit an overall elongated geometry where one dimension (∼ 9-10Å) is significantly longer than the other two dimensions (typically ∼ 6-7Å). This may suggest an inherent tendency for a deviation from sphericity in a homogeneous nucleation scenario for alumina. In Figure 4 , the predicted global minimum structure in ref. [19] (hereafter 8G) is shown. 8G has two mirror planes, two rotational symmetries and belongs to the D 2d space group. 8G has a potential energy 1.56 (0.88) eV above the minima structures 8A (8B). Five other low-lying alumina octomer isomers were predicted in ref. [21] , see Figure 7 in their paper) using a gradient-based genetic algorithm (GA-LBFGS) and a Buckingham pair potential. We have also found the latter five isomers and investigated them on the DFT level of theory. Structures A, B, D and E in ref. [21] relax to structure 8G during a DFT optimisation with the hybrid functionals B3LYP and PBE0 and thus do not represent truly distinct structural isomers. The investigation of structures C and E in Figure 7 in ref. [21] at a DFT level results in the same isomer (see Figure 5 ) with a relative energy 2.77 (1.89) eV above 8A (8B). It has a mirror plane and space group C 2v . Recently, the structural family of (Al 2 O 3 ) n hollow spheres and bubble clusters has been studied for certain sizes (n=10, 12, 16, 18, 24 and 33) [29] . The latter structures are characterized by Al-atoms with coordination number 3 and O-atoms that are 2-coordinated. For n=8, we also find a member of the hollow spheres, or "bubble" family (see Figure 6 ). Cluster 8I has a very symmetric peanut-shaped geometry and belongs to the D 2h point group. It has an electronic energy 5.31 (7.67) eV above the global minimum. We report the finding of six new isomer structures (8A, 8B, 8C, 8D, 8E, 8F). The previously reported structures 8G, 8H and 8I have potential energies that are significantly higher than 8A-8F.
Rotational constants
The rotational constants of the two isomers 8A and 8B are tabulated in Table 2 . The rotational constants obtained with the PBE0 functional are marginally larger (∼ 1%) Figure 6 : The stable structure 8I that those obtained with the B3LYP functional. This is a consequence of the slightly more compact geometry of the PBE0 optimized structures leading to lower moments of inertia and higher rotational constants. Owing to its C 2 symmetry 8B has two almost identical constants (B y and B z ).
Bond distances, coordination and charges
The Al-O bond distances of the clusters 8A, 8B, and 8G, and of the crystalline bulk (α-alumina) are shown in Figure 7 . Al-Al and O-O bonds do not appear owing to the strong Coulomb repulsion of ions with the same (or similar) charge. The Al-O bond lengths of the clusters 8A, 8B, and 8G, as well as of α-alumina form two populations, at short and at long bond lengths. The short bond peaks at 1.74Å, and the long bond at 1.845 for structure 8A, for 8B the peaks are located at 1.745Å and 1.855Å, whereas they lie around 1.765Å and 1.850Å for 8G. Also in the bulk phase, α alumina exhibits Al-O bonds with two different lengths being located at 1.972Å and at 1.855Å.
It is apparent that the clusters and the bulk exhibit bond lengths of around 1.85Å. However, the most prominent feature of α-alumina located at 1.972Å is largely absent in the clusters and vice versa, inter-atomic distances smaller than 1.8Å do no appear in α-alumina, but account for a significant fraction of the cluster bonds. In 8A, 14 out of 16 Al cations are 4-coordinated, the remaining 2 Al are 3-coordinated, whereas 11 oxygen anions are 2-coordinated, 12 O atoms 3-coordinated and just one 4-coordinated. We count 62 Al-O bonds in total. The situation is similar for isomer 8B: It has 12 4-coordinated, 2 3-coordinated and 2 5-coordinated Al cations, respectively. The oxygen anions are 2-coordinated (10), 3-coordinated (12) and 4-coordinated (2). A total of 64 Al-O bonds is present in 8B. Contrary, structure 8G exhibits 12 4-coordinated, 4 5-coordinated, but no 3-coordinated Al cations. Also in the oxygen coordination 8G differs from 8A and 8B: 16 O anions are 3 coordinated, 6 O ions are 2-coordinated and 2 O ions are 4-coordinated, respectively. The number of Al-O bonds is 68 and thus slightly higher than in 8A and 8B. In α-alumina, Al cations are 6-coordinated and O anion 4-coordinated. The average coordination in the crystalline bulk is (as expected) higher than for the clusters. In the clusters, a considerable fraction of the atoms are located on the surface. Consequently, part of their atomic "neighbors" are missing and their coordination is lower. In Table 3 , the Mulliken charges of the presented clusters are shown. We also include a value for the average charge of α-alumina in the bulk phase (q(Al)=+1.38 e, [30] ). However, we note that formal charge calculations strongly depend on the used basis set and functional and a comparison to the clusters is biased. In general, we find that the most stable isomers have higher formal atomic charges than the energetically less favourable clusters. Cluster 8I represents an exception, as it exhibits the largest average charges of all investigated clusters, but represents one of the energetically least stable ones due to its comparatively low coordination.
Bond angles
In Figure 8 , the Al-O-Al and O-Al-O bond angles are displayed for structures 8A, 8B, 8G and α-alumina. The latter exhibits characteristic angles at 79.6
• , 84. • degrees. The isomers 8A and 8B show a broad distribution of bond angles in the range between 80 and 180 degrees. Compared with 8G, and the crystalline phase (α-alumina) the angle distribution of 8A and 8B is broader and has less pronounced peaks. The latter can be explained by the higher degree of symmetry in structure 8G, since owing to its internal plane symmetry, every angle appears twice.
The crystalline form of alumina shows the fewest and most pronounced peaks, owing to symmetry reasons.
The difference of the bulk to the clusters can be explained by the finite-size geometries of the clusters. Whereas in α-alumina the periodicity of the crystal implies a homogeneous spatial occupation by the Al and O atoms, the clusters are largely empty in their interiors and the atoms reside on the surface. As a consequence the cluster bond angles are systematically larger than in α-alumina.
Vibrational analysis
An alumina octomer has 40 atoms, consequently the number of vibrational degrees of freedom (i.e. vibration modes) is 3 × 40 − 6 = 114. The vibrational infrared (IR) spectra of 8A, 8B, and 8G are shown as a function of wavelength in Figure 9 . We use a Lorentzian function to describe the distribution of the peaks with a half-width at half-maximum γ= 0.2.
The majority of the IR modes of all shown clusters are located in a wavelength range between 10 and 20 µm with a culmination point at 10-11 µm. For structure 8A, the most intense vibration modes are located at wavelengths 10.012 (9.894), 10.985 (10.828), 10.729 (10.587) and 11.064 (10.921) µm for the B3LYP (PBE0) functional, respectively. For cluster 8B, the 10.348 (10.253), 10.126 (10.005), 11.009 (10.871) and 11.473 (11.329) µm for the B3LYP (PBE0) functional, respectively. These latter dominating vibrations are attributed to Al-O stretching and bending modes. A complete table with all vibrational frequencies for 8A and 8B can be found in the Appendix.
We investigate isomers 8A, 8B, and 8G also with the SDD (Stuttgart/Dresden) basis set including a vibrational analysis in order to benchmark with the results of ref. [19] who predicted isomer 8G as the global minimum. However, we found that vibrational calculations employing the SDD basis set led to imaginary frequencies for 8A, 8B, 8G which do not appear using a larger basis set (6-311+G(p)). We conclude that the SDD basis set is not adequate to describe alumina clusters and that all vibrational frequencies are real. Hence, clusters 8A, 8B, and 8G correspond to real minimum structures (and not transition states).
The differences in the IR spectra between PBE0-and B3LYP-based calculations are small and the tiny relative shifts in wavelengths arise -among other reasons -due to the slightly shorter bond distances obtained with the PBE0 functional, compared to the B3LYP functional (as for the rotational constants).
The vibrational zero-point energies of isomers 8A, 8B, and 8G are given in Table 4 . They are of the order 3.5 eV and vary by only 0.02 eV among the cluster isomers 8A, 8B, and 8G within the same level of theory. Consequently, the relative energies of the clusters hardly shift and the energetic ordering is preserved by including the vibrational zero-point correction.
The vibration frequencies of the clusters 8A, 8B, and 8G are shown in units of wavenumbers (cm −1 ) in Table 7 in the Appendix. For clusters 8A and 8B, the three lowest modes are located slightly below 130 cm −1 . In the harmonic oscillator approximation used in the present study, these low frequency modes are associated with hindered rotations rather than vibrations. No imaginary frequency occurs for structures 8A, 8B, and 8G.
Thermochemistry
We calculate thermochemical potentials (heat capacity c P , entropy S, enthalpy of formation ∆H f (T) and the (Gibbs) free energy of formation) ∆G f (T) of both clusters 8A and 8B as a function of temperature (see Tables 5 and 6 in the Appendix). We use a script provided by [31] to calculate the heat capacity c p (T), entropy S(T) and enthalpy H 0 (T) from the cluster calculation output. In order to determine dH f and dG f , we follow the approach of Ochterski (see [28] ) and make use of the enthalpies and the entropies of the elements (Al and O) in their standard states listed the NIST-JANAF Thermochemical Tables 1 . As the fugacity of elemental gas-phase Al is 1 bar at 2790.81 K we constrain the temperature range to a maximum of T = 2700 K.
The thermodynamic tables for structures 8A and 8B can be found in the Appendix. They are evaluated at a pressure of p = 1 atm. At 0 K the entropy dS is vanishing by definition and dH f equals dG f . We derive dH f = -9114.5 kJ/mole for 8A and dH f = -9100.3 kJ/mole for 8B − in agreement with the relative potential energies including the zero-point correction. At 298.15 K the situation is similar and the relative enthalpies and Gibbs free energies differ by 13−17 kJ mole −1 . Also for larger temperatures, structure 8A is slightly more favored to form than structure 8B as calculated within the B3lYP density functional. Around T = 1400−1500 K, the Gibbs free energy of formation for structures 8A and 8B changes sign and becomes positive (endergonic) for larger temperatures. The stability limits of the most stable, smaller-sized (n< 8) alumina clusters are similar to those of 8A and 8B, and range from T=1300-1450 K. We find a slight increase of the critical temperature with cluster size. Thus, an effective alumina octomer formation is expected to occur for temperatures below 1400 K and to be hampered for temperatures larger than 1500 K (at standard pressure of 1 atm). Interestingly, the latter temperature coincidences with the condensation temperature for alumina grains in circumstellar conditions [32] .
Conclusion
We report the discovery of six (Al 2 O 3 ) 8 isomers (8A, 8B, 8C, 8D, 8E, 8F) that represent currently the lowest-energy alumina octomer structures known. The octomer is the smallest cluster size at which we find differences with previously reported candidate global minima. All six favourable octomer structures are neither hollow nor spherical, but exhibit elongated and "semi-compact" geometries. The IR spectra of the lowestenergy octomers is dominated by Al-O vibration modes in 10-11 µm wavelength range. By comparing formal charges, bond lengths and angles of the reported low-energy octomers to those of crystalline α-alumina, we conclude that, at a cluster size n=8, the alumina bulk limit is not (yet) reached. However, we find that the thermal stability limit of the octomers and smaller-sized polymers in the gas phase coincides with the glassliquid phase transition of liquid alumina. 
